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Synapse eliminationPrevious work implicated the complement system in adult neurogenesis as well as elimination of synapses in the
developing and injured CNS. In the present study,we usedmice lacking the third complement component (C3) to
elucidate the role the complement system plays in hippocampus-dependent learning and synaptic function. We
found that the constitutive absence of C3 is associated with enhanced place and reversal learning in adult mice.
Our ﬁndings of lower release probability at CA3–CA1 glutamatergic synapses in combination with unaltered
overall efﬁcacy of these synapses in C3 deﬁcient mice implicate C3 as a negative regulator of the number of func-
tional glutamatergic synapses in the hippocampus. The C3 deﬁcientmice showed no signs of spontaneous epilep-
tiform activity in the hippocampus.We conclude that C3 plays a role in the regulation of the number and function
of glutamatergic synapses in the hippocampus and exerts negative effects on hippocampus-dependent cognitive
performance.
© 2014 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.Introduction
Complement is part of the innate immune system and plays a major
role in the elimination of pathogens and inﬂammatory response to inju-
ry. There is, however, an accumulating body of evidence in support of a
range of non-immunological functions of complement, in particular in
the CNS. The C3-derived peptide C3a induces intracellular [Ca2+]C1q, the ﬁrst complement com-
ence and Physiology, Dept. of
othenburg; Box 430, SE-405 30
ience and Physiology, Dept. of
ska Academy at University of
, Marcela.Pekna@neuro.gu.se
.Open access under CC BY-NC-ND licenelevation and neutrophin expression in cultured microglia (Heese
et al., 1998; Möller et al., 1997), and regulates migration and neuronal
differentiation of neuronal progenitor cells aswell as neurite outgrowth
in vitro (Shinjyo et al., 2009). In vivo studies demonstrated the involve-
ment of C3a in neuronal differentiation during the development of rat
cerebellum (Bénard et al., 2008) and signaling through C3a receptor
stimulates neurogenesis in the adult hippocampus (Rahpeymai et al.,
2006). In the immature brain, C3a is protective against hypoxic-
ischemic injury and C3a treatment ameliorates hypoxia–ischemia-
induced cognitive impairment (Järlestedt et al., 2013). The complement
systemhas also been implicated in developmental elimination of synap-
ses in the thalamus (Stevens et al., 2007) and the sensorimotor cortex
(Chu et al., 2010). Microglia play an important role in this process,
since inhibition of microglial motility resulted in delayed synapse elimi-
nation in the hippocampus (Paolicelli et al., 2011) and disrupting
microglia-speciﬁc complement receptor 3 (CR3)/C3 signaling led to
sustained deﬁcits in synaptic connectivity in the retinogeniculate system
(Schafer et al., 2012).
In the adult brain, the hippocampus plays a crucial role in the forma-
tion of certain types of memory, such as episodic memory and spatial
memory (Kesner et al., 2000; Squire, 1992), and hippocampal lesionsse.
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tion (Gallagher and Holland, 1992; Gilbert et al., 1998; Morris et al.,
1982); in particular when the environment complexity is high (Moses
et al., 2007). Both synaptic plasticity and generation of new neurons
have been implicated in hippocampal function (Deng et al., 2010;
Dragoi et al., 2003; Morris et al., 1986; Nakazawa et al., 2003). As C3
seems to regulate both the number of synapses and hippocampal
neurogenesis, in the present study, we sought to determine the effects
of constitutive genetic ablation of C3 on the functions of an unchallenged
adult hippocampus by assessing place and reversal learning ability and
synaptic function in C3 deﬁcient (C3 KO) mice. Our results show that
C3 KO mice have an enhanced hippocampus dependent learning and
provide evidence that supports the involvement of the complement sys-
tem in excitatory synapse elimination in the hippocampus. Further, we
report that the C3 deﬁciency does not result in spontaneous epileptiform
activity in the hippocampus as the increased number of functional synap-
ses is compensated by reduced presynaptic glutamate release probability.
Methods
Animals
C3 KOmice (Pekna et al., 1998) were backcrossed onto the C57BL/6
background for 13 generations. Homozygous C3 KO andwild type (WT)Fig. 1.C3KOmice show enhanced place and reversal learning compared toWTmice. (A) Explor
both groups ofmice but the C3KOmice (n = 10)were less active compared toWTmice (n = 1
compared toWTmice (n = 10) during the place learning period (corner 1), and place learning
in C3 KO compared to WT mice (C). (D) The C3 KO mice made less incorrect nose pokes over
= genotype, P b 0.05*, #, P b 0.01**, P b 0.001¤¤¤.control mice were housed in standard cages with a 12-hour light/dark
cycle and free access to food and water. All experiments were per-
formed in accordancewith the guidelines of the local ethical committee
for animal research at the University of Gothenburg or theMalmö-Lund
Ethical Committee for the use of laboratory animals and were conduct-
ed in accordance with European Union directives on animal rights.
Behavioral testing
Animals
Male C3 KO mice and WT controls were 2.5–3 months old (ﬁrst
experiment, Fig. 1A) and 2 months old (second experiment, Fig. 1B–D),
respectively when behavioral testing began. Before weaning, all mice
were anesthetized with isoﬂurane (Abbott Laboratories, North Chicago,
IL, USA) and implanted subcutaneously with microtransponders
(DATAMARS, PetLink, Youngstown, OH, USA) to allow individual an-
imal identiﬁcation in the IntelliCages. After weaning, the mice were,
kept in groups of up to 10 and separated by genotype.
Testing of place and reversal learning using IntelliCage®
The IntelliCage platform (NewBehavior, Zurich, Switzerland) for un-
biased monitoring of mouse behavior in a home cage setting has been
described elsewhere (Barlind et al., 2010; Galsworthy et al., 2005;
Knapska et al., 2006; Onishchenko et al., 2007). The animals wereatory behavior, expressed as number of nose pokes, in the 5 ﬁrst days declined over time in
5) (B) In a separate experiment, the exploratory activity of C3 KOmice (n = 9)was lower
(corner 1) and reversal learning (corner 2) showed signiﬁcantly lower incorrect visit ratio
the 5 days of both learning periods (corner 1 and 2). * = time × genotype, ¤ = time, # -
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KO (n = 10) and WT (n = 15) mice that were tested for exploratory
behavior were housed in the cages only during that period. In the
second experiment, the C3 KO (n = 9) and WT (n = 10) mice had an
introduction period of 5 days in the IntelliCages during which the ani-
mals were acclimatized to performing nose pokes to gain access to the
water bottles. The introduction period was followed by a place learning
period for which each animal was randomized to one corner (the most
visited corner during the introduction was excluded). This allocated
cornerwas programmed as the correct cornerwhile the other three cor-
ners were programmed as incorrect. The mice were only allowed to
drink from the water bottles in the correct corner, where a nose poke
would open a door and give them access to the two water bottles.
In incorrect corners, the doors to the water bottles could not be
opened by performing nose pokes. After 5 days, the animals were
randomized to a new corner (the previous corner excluded) for
the reversal learning. Animals that failed to drink in the IntelliCages
or were not registered as visiting any corners at all (indicating
misplaced or missing microtransponders) were removed from the
IntelliCages. Food was provided ad libitum during the experiments
in the IntelliCage and red plastic houses were provided as shelters.
Data from the IntelliCages were analyzed using the IntelliCage soft-
ware (IntelliCage Plus, 2.4, NewBehavior AG, Zurich, Switzerland)
followed by statistical analysis. Only the active (dark) period was
analyzed and visits lasting longer than 180 s were excluded from
the analysis.Electrophysiology
For electrophysiological recordings, hippocampal slices from 17–30-
day-old male WT and C3 KO mice were used as follows: In the paired-
pulse ratio (PPr) experiment, WT n = 5 and C3 KO n = 7; in the MK-
801 experiment, WT n = 10 and C3 KO n = 10; in the 10-stimulus
train experiment WT n = 5, C3 KO n = 6; in the patch clamp experi-
ment WT n = 7, C3 KO n = 9. Multiple slices were used per animal,
as described in the following section.Slice preparation
Mice were anesthetized with isoﬂurane and decapitated. Brains
were rapidly removed and placed in ice-cold (4 ºC) preparation solu-
tion: 140 mM choline Cl, 2.5 mM KCl, 0.5 mM CaCl2, 7 mM MgCl2,
25 mM NaHCO3, 1.25 mM NaH2PO4, 1.3 mM ascorbic acid, and
7 mM dextrose. Transverse hippocampal slices (400 μm thick)
were cut with a vibratome (HM 650 V Microm, Germany) in the
same ice-cold solution. Slices were subsequently stored in artiﬁcial
cerebrospinal ﬂuid (ACSF) containing: 129 mM NaCl, 3 mM KCl,
2 mM CaCl2, 4 mM MgCl2, 20 mM NaHCO3, 1.24 mM NaH2PO4,
0.5 mM ascorbic acid, 3 mM myo-inositol, 4 mM D,L-lactic acid, and
10 mM D-glucose at 25 °C. After a minimum of 1 h, a single slice
was transferred to a recording chamber where it was kept sub-
merged in a constant ﬂow (around 2 ml/min) at 25–28 °C. The
perfusion solution consisted of 129 mM NaCl, 20 mM NaHCO3,
1.24 mM NaH2PO4, 3 mM KCl, and 10 mM D-glucose. CaCl2 and
MgCl2 content varied between the different experimental para-
digms; in the single and paired pulse experiments, the solution
contained 2 mM each of CaCl2 and MgCl2; in the MK-801 experi-
ments, the solution contained 3 mM CaCl2 and no MgCl2 to enable
NMDA receptor opening; in the whole-cell patch-clamp recordings
and the burst experiments, the solution contained 4 mM each of
CaCl2 and MgCl2 to suppress the population spike. Picrotoxin
(100 μM; Sigma-Aldrich, Stockholm, Sweden) was always present
in the perfusion solution to block GABA receptor-mediated activity.
All solutions were continuously bubbled with 95% O2 and 5% CO2
(pH 7.4).Recordings and analysis
For ﬁeld excitatory postsynaptic potential (fEPSP) recordings, elec-
trical stimulation and recordings of synaptic responses were carried
out in the CA1 region of the hippocampus. A glass pipette (ﬁlled with
1 M NaCl, resistance 1.5–3 MΩ) was used for ﬁeld recordings. fEPSPs
were recorded at a sampling frequency of 10 kHz and ﬁltered at
1 kHz, using aMultiClamp 700B ampliﬁer and aDigidata 1440A data ac-
quisition system (Molecular Devices, Sunnyvale, CA, USA). Evoked re-
sponses were analyzed off-line in a blinded manner using custom-
made IGOR-Pro software (WaveMetrics, Lake Oswego, OR, USA). fEPSP
magnitude was evaluated as the initial (ﬁrst 0.6–0.8 ms) slope of the
fEPSP. The stimulation and recording electrode were positioned in the
stratum radiatum at a ﬁxed distance from the pyramidal cell layer.
Stimuli consisted of biphasic constant current pulses (0.2 ms, 12–34 μA,
STG 1002Multi-Channel systems MCS GmbH, Reutlingen, Germany) de-
livered through tungsten wires (resistance 0.1 MΩ). The stimulation
intensity was set such that it would not evoke ﬁring in the postsyn-
aptic neurons, as evidenced by the absence of a population spike
distorting the fEPSP. Signs of population spike activity could, howev-
er, occur on facilitated fEPSPs during high-frequency burst stimula-
tion, or paired-pulse stimulation. The early measurement of the
fEPSP initial slope (cf. above) minimizes the risk that such popula-
tion spike activity would inﬂuence the evaluation of the fEPSP
magnitude.
Stimuli were delivered at 0.2 Hz in the input/output experiments
(Fig. 2) and in the paired-pulse (50 ms inter-stimulus interval) experi-
ments (Fig. 3). In the MK-801 experiments (Fig. 4), stimuli were deliv-
ered at 0.5 Hz. In the burst experiments (Fig. 6), a 10 impulse, 20 Hz
train was delivered every 30 s and a total of 30 train stimulations
were elicited.
Whole-cell patch-clamp recordings were performed on visually
identiﬁed pyramidal cells, using infrared differential interference con-
trast video microscopy mounted on an Olympus BX51WI microscope.
The pipette solution contained (in mM) 130 Cs-methanesulfonate, 2
NaCl, 20 HEPES, 0.6 EGTA, 5 QX-314, 4 Mg-ATP, 0.4 GTP (pH ~7.3 and
osmolality 280–300 mOsm) and 0,5% neurobiotin. Liquid junction po-
tential was measured to be about 8 mV and was not corrected for.
Patch pipette resistance was 3–6 MΩ. mEPSCs were recorded at a sam-
pling frequency of 10 kHz and ﬁltered at 1 kHz, using an EPC-9 ampliﬁ-
er (HEKA Elektronik, Lambrecht, Germany). mEPSC analyses were
based on voltage clamp recordings at−70 mV for 2–5 min and were
analyzed in a blinded manner using Mini-analysis program (version
5.1.4; Synaptosoft, Decatur, GA, USA).
Tissue slices from patch-clamp recordings and concomitant neu-
ron loading with neurobiotin were post-ﬁxed in 4% paraformalde-
hyde in PBS at 4 °C overnight. After wash with PBS, slices were
permeabilized with 0.01% Triton-X in PBS for 1 h at room tempera-
ture, followed by 3 washes in PBS. Slices were incubated with
streptavidin conjugated Alexa Fluor 488 (1:1000, Invitrogen,
Eugene, OR, USA) in PBS for 3 h at room temperature, washed 5
times in PBS and mounted with Prolong Gold mounting medium
(Invitrogen). Coverslips were sealed to prevent dehydration of tis-
sue. Slices were stored at−20 °C.
Drugs
In the burst experiments, the selective NMDA receptor antagonist
AP5 (50 μM; Accent Scientiﬁc, Bristol, UK) was used to block NMDA re-
ceptors in order to hinder long-termpotentiation.MK-801 (Dizocilpine,
20 μM, Tocris Cookson, Bristol, UK), a non-competitive NMDA receptor
antagonist, was used in one set of experiments to block NMDA receptor
signaling such that after each electrical stimulation, a proportion of
NMDA receptors dependent on the synaptic release probability was
blocked. During these experiments, NBQX (10 μM; Tocris Cookson)
was added to block AMPA receptors. Picrotoxin (100 μM) was included
to block GABAA receptors in all experiments.
Fig. 2. Synaptic responses relative to the number of axons in hippocampus slices do not differ between C3 KO andWTmice. (A) Schematic drawing of a hippocampus slice, showing place-
ment of the stimulation and recording electrodes. (B) Example sweeps from two individual experiments using 5 different stimulus intensities. Each trace is an average of 10 recordings at
the same stimulus intensity. Pulses were delivered at 0.2 Hz. (C) Diagram showing the slope of the fEPSP plotted against the slope of the ﬁber volley from the sweeps depicted in Fig. 2B.
The dashed lines show a linear regression line through the data points and origo. (D) Bar graphs showing the average slope coefﬁcient of the regression lines (see Fig. 2C) from all n = 22
WT slices and n = 18 C3 KO slices.
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Neuron images were obtained on Zeiss 700 inverted confocal micro-
scope (Carl Zeiss, Germany) at 63×magniﬁcation and image resolutionFig. 3.C3KOmice have a higher paired-pulse ratio thanWTmice. (A) Representative sweeps av
(B) Bar graphs showing the average paired pulse ratio from n = 22WT slices and n = 22 C3of 1028 × 1028 pixels. Z-stacks of dendritic segments were taken at
0.5 μm steps. Dendritic spine density measurements were performed
on apical secondary and tertiary dendrites of hippocampal CA1 pyrami-
dal neurons. Dendritic spines were counted manually with the help oferaged from20 paired-pulse recordings (50 ms inter-stimulus interval) recorded at 0.2 Hz.
KO slices. * P b 0.05.
Fig. 4. C3 KOmice show a slower blockage rate of NMDAR responses thanWTmice in slices treated with the irreversible NMDAR antagonist MK-801. (A) The diagram shows the decay of
the NMDA fEPSPs (measured as the EPSP area and plotted against the number of stimulations [delivered at 0.5 Hz]). Circles represent the average response (n = 14 and n = 15 slices for
C3 KO and WT mice, respectively) and lines show the corresponding best-ﬁt curves for the two strains. Resulting time constants are τWT = 65.25 and τC3 KO = 82.22 (Note that these
values differ from the ones in the text and the bar graph in B as those are based on averaging τ values obtained from best ﬁts from each individual experiment/animal). Inserts depict
an average of the ﬁrst 10 (a) and the last 10 (b) NMDA fEPSPs from a representative experiment on a C3 KO slice. (B) Bar graphs showing average time constants (tau) of individual ex-
ponential ﬁts. * P b 0.05.
158 M. Perez-Alcazar et al. / Experimental Neurology 253 (2014) 154–164ImageJ software (NIH) and in a blind manner with regard to the exper-
imental groups. Spine densities were calculated as the number of spines
divided by the length of the segment.EEG recordings in vivo
For in vivo EEG recording, individually housed, three months old
male mice (C3 KO, n = 3 and WT, n = 4) were anesthetized with
isoﬂurane (1–2%) and implanted unilaterally with a bipolar stainless
steel recording electrode (Plastics One, Roanoke, VA, USA) in the ventral
hippocampal CA3-CA1 region (coordinates: 2.9 mmcaudal and 3.0 mm
lateral to bregma, 3.0 mmventral from dura, tooth bar set at−3.3 mm)
as previously described (Mohapel et al., 2004). EEG activity was record-
ed 10 days later during the light phase of the light/dark cycle for two
12-hour sessions with LabChart software (AD Instruments, Bella Vista,
NSW, Australia). An investigator blind to genotype evaluated the occur-
rence of seizures (abnormal high-frequency epileptiform activity) and
focal interictal spike activity.Iba1 immunohistochemistry
Immunohistochemistry
Six months old male C3 KO (n = 14) and WT (n = 14) mice were
deeply anesthetized with 0.3 mL 2.5% thiopental i.p. and transcardially
perfused with 0.9% saline followed by 4% paraformaldehyde. Brains
were removed and post-ﬁxed in 4% paraformaldehyde for 24 h at
4 °C, then switched to 30% sucrose. Brains were sliced to 30 μm coronal
sections using a slidingmicrotome. Free-ﬂoating sections containing the
hippocampus were selected for immunohistochemistry, and blocked
with 5% normal goat serum and 0.25% Triton X-100 in PBS, shaking at
room temperature for 1 h and then incubated with the primary anti-
body, polyclonal rabbit anti-Iba1 (1:1000, Wako Chemicals, Neuss,
Germany) overnight, shaking at 4 °C. Sections were then incubated
with the secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG
(1:200, Invitrogen) shaking at room temperature for 2 h. Sections
were mounted on slides with Pertex mounting medium (HistoLab,
Västra Frölunda, Sweden), dried at room temperature overnight, and
then stored at−20 °C.Imaging and data analysis
Cell counts were performed bilaterally in six–eight hippocampal
sections per animal located 3.2–5.2 mm posterior to bregma by an ob-
server blind to genetic background. The Iba1-positive cells were count-
ed using an Olympus BX61 epiﬂuorescence microscope in the dentate
hilus and the granule cell layer (GCL) and the subgranular zone (SGZ),
the latter deﬁned as two cell body diameters below the GCL. Data are
presented as number of cells per section.Statistics
Statistical signiﬁcance was assessed by the use of Student's t-test
unless otherwise speciﬁed (see below). Signiﬁcance level was set at
P b 0.05. All data are presented as mean ± SEM.
For the behavioral analysis generalized estimating equations (GEE)
were used to estimate the average response of the populations for the
different parameters measured in the IntelliCage (Karlsson et al.,
2011). Data were ﬁrst analyzed for a Time × Treatment effect and if
no signiﬁcant effect was detected, time and treatment were analyzed
separately. All the analyses were performed using SigmaStat 2.0 (SPSS,
Chicago, IL, USA).
For the statistical analyses of all electrophysiology experiments,
brain slices were treated as replicates, i.e., reported n equals n
slices analyzed. Measurement values identiﬁed as outliers accord-
ing to the Extreme Studentized Deviate test as well as values that
resulted from poor quality recordings were excluded from the
analysis.
In the MK experiment, release probability was modeled by a single
exponential decay function using values for all the animals (all slices)
representing each strain. Resulting best-ﬁt curves for C3 KO and WT
animals were compared globally with the F-test, i.e., comparing the
sum of squares of ﬁts of two separate curves for each data set versus
ﬁtting one common curve for both strains. Additionally, themostmean-
ingful estimated parameter of the curves, the time constant (tau), was
analyzed with Student's t-test after adjusting for the correct df number
(used in the curve estimation). Modeling and model comparison
was performed in GraphPad Prism software version 5.0a (GraphPad
Software, San Diego, CA, USA (www.graphpad.com)) using built-in
functions.
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Spatial learning is enhanced in C3 KO mice
To investigate possible functional effects caused by the absence of
C3, the IntelliCage platform was used to assess activity and learning at
the age of 2–3 months. The IntelliCage platform enables unbiased anal-
ysis of learning over time in a social context and a home cage environ-
ment and has been used to evaluate hippocampal function (Berry
et al., 2012) and detect spatial learning deﬁcits in models of disrupted
neurogenesis and irradiation-induced hippocampal injury (Barlind
et al., 2010; Huo et al., 2012; Kalm et al., 2013; Karlsson et al., 2011;
Zhu et al., 2010). First, the exploratory behavior was assessed by mea-
suring the total number of nose pokes made during the initial ﬁve
days on the IntelliCage. In both groups, activity expressed as the number
of nose pokes declined over time, indicating habituation to the cages
(P = 0.00014). However, the C3 KOmice showed a lower activity com-
pared to the WT mice during the introduction period (P = 0.016;
Fig. 1A). In a separate experiment and using different mice, we mea-
sured activity during the place learning period (corner 1). During this
period, activity did not change over time, but the number of nose
pokes made by C3 KO mice was signiﬁcantly lower compared to WT
mice (P = 0.014) which indicates that the C3 KOmice were less active
regardless of the novelty of the environment or habituation (Fig. 1B).
Next, we assessed the hippocampus-dependent cognitive function
by measuring place and reversal learning. In the IntelliCage system,
the learning task is more difﬁcult for every corner period, since it re-
quires the mice ﬁrst to learn where to drink (place learning, corner 1);
then in the subsequent phase (reversal learning, corner 2) mice have
to unlearn what they learned previously and learn to ﬁnd the new allo-
cated corner. The incorrect visit ratio is the number of visits in incorrect
corners out of the total number of visits for a speciﬁc day. This measure
therefore takes into consideration the degree of exploratory behavior/
activity and is not affected by the overall activity levels. We observed
a signiﬁcant difference in the incorrect visit ratio between the C3 KO
and WT mice over the ﬁve days of corner 1 (P = 0.009) and corner 2
period (P = 0.039, treatment x time, Fig. 1C). The C3 KOmice displayed
a 23.2% and 25.3% improvement in odds ratio per day during corner 1
and 2 period, respectively, compared to 11% and 14.4% improvement
in odds ratio per day during corner 1 and 2, respectively, for WT mice.
The incorrect nose poke ratio (the ratio of attempts to open the door
in non-allocated, incorrect corners) was used as a measure of the
animal's ability to learn that it cannot open the door in an incorrect cor-
ner, i.e. there was an inverse relationship between memory retention
and the ratio of nose pokes in non-allocated corners. Alsowith thismea-
sure, we found a signiﬁcant difference between the C3 KO andWTmice
over the 5 days of corner 1 (P = 0.004) and corner 2 period
(P = 0.0063, treatment x time, Fig. 1D). The C3 KO mice improved
their odds ratiowith 33.3% per day during corner 1 and 37%per day dur-
ing corner 2 period, whereas theWTmice displayed an 11.6% improve-
ment in odds ratio per day in corner 1 and 14.3% during corner 2 period.
Together, these results indicate enhanced place and reversal learning in
C3 KO compared to WT mice.
No net change in synaptic efﬁcacy in the hippocampus of C3 KO mice
To assess the efﬁcacy of hippocampal synapses, we ﬁrst recorded
evoked fEPSPs in CA1 in acute hippocampal slices from C3 KO mice
andWT controls (Fig. 2A). To estimate the relative number of functional
synapses, we calculated a ratio between the fEPSP and theﬁber volley at
ﬁve different stimulation intensities for each slice (Fig. 2B). When plot-
ted, these ratios showed a linear relationship (Fig. 2C), and therefore the
linear regression was calculated. The slope coefﬁcients of the linear ﬁts
were taken as a measure of functional synapse density, as they repre-
sent the average synapse efﬁcacy per activated axon. In C3 KO mice,
the average slope coefﬁcient was 0.556 ± 0.052 (n = 18 slices, in 4out of the 22 slices used, the data obtained was too limited to allow
the construction of a slope coefﬁcient) compared to 0.493 ± 0.047
(n = 22 slices) in WT mice (P = 0.374, Fig. 2D) indicating no differ-
ence in the average synaptic efﬁcacy between C3 KO and WT mice.
Hippocampal CA3–CA1 synapses have lower release probability in C3 KO
mice
Next, we performed paired-pulse recordings to estimate the release
probability of CA3–CA1 synapses in C3 KO and WT mice (Fig. 3A). The
C3 KO mice exhibited signiﬁcantly higher paired-pulse ratio (PPr)
than WT mice (1.43 ± 0.052, n = 22 vs. 1.28 ± 0.035, n = 22;
P = 0.026) (Fig. 3B). This ﬁnding indicates decreased release probabil-
ity in C3 KO mice.
To conﬁrm these results, we carried out an independent set of ex-
periments measuring release probability using the NMDA receptor
(NMDAR) antagonist MK-801, an irreversible open-channel blocker.
In these experiments, the rate of decay of the NMDAR EPSP magnitude
is directly dependent on the presynaptic release probability (Hessler
et al., 1993; Wasling et al., 2004). When a synaptic vesicle containing
glutamate is released in the presence ofMK-801, the opposing NMDARs
open and become irreversibly blocked, which means that the synaptic
NMDARs are turned off in amanner dependent on the release probabil-
ity. To test whether release probability differed between C3 KO andWT
mice, wemodeled decay of NMDAR EPSPs by exponential functions and
compared the resulting curves.Model comparison revealed a signiﬁcant
difference between genotypes (F-test, F(3,8894) = 60.52, P b 0.0001). In
line with the global comparison results, MK-curves from recordings in
C3 KO mice showed a slower decay compared to WT mice (Fig. 4A).
Time constant (tau) values were signiﬁcantly greater in C3 KO mice
(tauC3 KO = 82.3 ± 8.48, n = 14; tauWT = 61.1 ± 4.76, n = 15;
P = 0.030; Fig. 4B), supporting the conclusion that release probability
is decreased in C3 KO mice.
Unaltered quantal amplitude in C3 KO pyramidal cells
The ﬁndings of reduced release probability (p) but unchanged syn-
aptic efﬁcacy suggest that the number of synapses (n) or quantal size
(q) is increased in C3 KOmice, according to the formula for synaptic ef-
ﬁcacy n*p*q. To determine if the average quantal size (q) is altered at
CA3-CA1 synapses in C3 KO mice, we recorded miniature EPSCs
(mEPSCs) in WT (n = 22) and C3 KO (n = 17) mice (mean age: WT,
P19.8 ± 0.323; C3 KO, 20.4 ± 0.648 P = 0.438). The average ampli-
tude of the mEPSCs, recorded in the presence of the sodium channel
blocker tetrodotoxin (TTX; 500 nM), was not signiﬁcantly different in
C3 KO mice as compared to WT mice (mean mEPSC amplitude: C3 KO,
12.5 ± 1.20 pA, n = 17; WT, 11.1 ± 0.943 pA, n = 22; P = 0.359;
Fig. 5B). We did not ﬁnd any signiﬁcant difference in the frequency of
mEPSCs between C3 KO and WT mice (mean mEPSC frequency:
C3 KO, 1.38 ± 0.307 Hz, n = 17; WT, 1.42 ± 0.322 Hz, n = 22;
P = 0.794; Fig. 5C). As the mEPSC frequency reﬂects the total number
of functional glutamate synapses onto the postsynaptic CA1 neuron
and their release probabilities, our results suggest that the combined
effect of these parameters is not altered in the C3 KO mice. Therefore,
together with the ﬁeld recording results showing reduced release
probability, these ﬁndings point to an increased number of functional
CA3–CA1 synapses in the C3 KO hippocampus.
Normal dendritic spine density in CA1 pyramidal cells in C3 KO mice
As excitatory synapses are preferentially located on dendritic spines,
we next calculated the density of spines on secondary and tertiary apical
dendrites of CA1 pyramidal cells in C3 KO and WT male mice at age of
P17-P20. We did not ﬁnd any difference in spine density between WT
and C3 KO dendrites (0.942 ± 0.067 spines/μm, n = 12 dendrites
Fig. 5.C3KOandWTmicedonot differ in the amplitude or frequency ofminiature AMPAR-mediatedEPSCs, and dendritic spinedensity. Representative recording traces of AMPARmEPSCs
of theWT and C3KOmice in the presence of 500 nMTTX (A). No differenceswere detected inmEPSC amplitudes (B) or frequency (C) in C3KO (n = 17) compared toWT (n = 22)mice.
Scale bars represent 10 pAand 100 ms. (D) Representative confocalmicroscopy images of neurobiotinﬁlled apical dendrites of hippocampal CA1neurons inC3KOandWTmice. Dendritic
spine density in C3 KO andWT mice (n = 12 dendrites from 4 mice per genotype). Scale bars, 5 μm.
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four mice, P = 0.626; Fig. 5D).Facilitated synaptic burst response in C3 KO mice
The above results indicate that C3 KO mice have decreased re-
lease probability but a normal overall synaptic efﬁcacy. The tested
synaptic efﬁcacy was, however, measured as response to single ac-
tion potentials evoked at low frequency. A physiologically more rel-
evant measure of synaptic efﬁcacy is a response to a high-frequency
burst of action potentials. We therefore compared the magnitude of
the burst responses in C3 KO and WT mouse slices (Fig. 6A). When
normalized to the magnitude of the ﬁrst EPSP in the burst response,
the magnitude of the overall burst response was signiﬁcantly larger
in C3 KO mice compared with WT mice (9.11 ± 0.558, n = 12 vs.
7.52 ± 0.241, n = 8, P = 0.020) (Fig. 6B and C). These ﬁndings indi-
cate that although the synaptic efﬁcacy in response to single action
potentials is well compensated, the synaptic efﬁcacy measured as a
burst response is larger in C3 KO mice.In vivo EEG recordings do not show spontaneous seizures in C3 KO mice
In order to detect possible spontaneous epileptiform activity caused
by alternation in excitatory signal transmission, C3 KO and WT
mice were implanted with a recording electrode in the hippocampal
CA3–CA1 region and EEG activity was recorded twice for 12 h. The re-
cordings showed no spontaneous seizures or interictal focal spike activ-
ity in C3 KO or WT mice in vivo (Fig. 7A) during this recording period,
suggesting low risk of spontaneous epileptiform activity.
Microglia numbers in C3 KO dentate gyrus are not altered
As the microglial cells in the dentate gyrus become activated and
their numbers increase in response to seizures (Bonde et al., 2006;
Ekdahl et al., 2003), an increased number of microglia in the dentate
gyrus of C3 KO mice would be suggestive of spontaneous epileptiform
activity. However, the quantiﬁcation of Iba1-positive cells showed com-
parable numbers of microglia in the subgranular zone/granular cell
layer (49.4 ± 2.55, n = 14 vs. 49.7 ± 2.27, n = 14, P = 0.932) and
the hilus (34.7 ± 1.77, n = 14 vs. 30.7 ± 2.22, n = 14, P = 0.170) in
Fig. 6. C3 KOmice show an increased burst response. (A) Representative sweeps from 20 Hz burst stimulation in C3 KO andWTmice. Traces show the average response from 6 recordings
at the same stimulus intensity. (B) Diagram showing the average burst response from 8WT and 12 C3 KO slices, measured as the initial slope of the fEPSP, normalized to the ﬁrst fEPSP in
the burst. (C) Bar graphs show the sum of the slopes in the bursts from Fig. 5B. * P b 0.05.
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ity of Iba1-positive cells in both C3 KO andWTmice exhibited a survey-
ing ramiﬁed morphology with small soma and long thin processes
(Thored et al., 2009). These ﬁndings, together with the in vivo EEG
recordings support the conclusion that C3 KO mice have low risk of
spontaneous epileptiform activity in the hippocampus.Fig. 7. C3 KOmice do not show spontaneous epileptiform activity in the hippocampus. (A) Repr
WT (n = 4) mice. Two 12-hour recordings during daylight did not show any signs of epilep
subgranular zone/granular cell layer (SGZ/GCL) of the dentate gyrus did not differ between C3
bars (A) horizontal 2 s, vertical 2 mV, (B) 100 μm.Discussion
In the present study,we show that deletion of the gene encoding the
complement protein C3 is associated with enhanced hippocampus-
dependent spatial learning. The C3 deﬁciency did not affect glutamater-
gic synaptic efﬁcacy in the hippocampus when evaluated both as theesentative 200 s long EEG recordings in vivo from the hippocampus of C3 KO (n = 3) and
tiform activity. (B) The morphology and (C) numbers of microglial cells in the hilus and
KO and WT mice. The broken line in B indicates the border between GCL and SGZ. Scale
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tude and frequency of mEPSCs. However, the overall efﬁcacy of a high
frequency burst response was higher in C3 KO mice and paired-pulse
andMK-801 experiments indicated that the synaptic release probability
in response to single stimulationswas lower in the C3 KOhippocampus.
Although the effect of C3 deﬁciency on each of these parameters per se
is relatively small, these three independent lines of evidence for reduced
release probability in combination with unaltered average quantal size
(mEPSC amplitude) and overall synaptic efﬁcacy strongly indicate that
constitutive absence of C3 results in more glutamate synapses, consis-
tent with defective synapse elimination. The combination of more
synapses with lower release probability points to compensatory ho-
meostatic regulations of overall synaptic efﬁcacy of CA3–CA1 synapses.
Previous studies have shown that the classical complement pathway
is involved in the elimination of retinogeniculate connections and
synapses in the sensorimotor cortex (Chu et al., 2010; Stevens et al.,
2007) in a microglia, C3 and neural activity-dependent manner
(Schafer et al., 2012). Our results in the hippocampus add further sup-
port to the notion that the complement cascade is an important media-
tor of excitatory synapse elimination in the CNS. In the sensorimotor
cortex, Chu et al. found that the frequency, but not the amplitude, of
mEPSCs recorded from layer V pyramidal neurons was increased in
mice lacking complement component C1q (Chu et al., 2010). Together
with our ﬁndings that the mEPSC amplitude among hippocampal syn-
apses is not altered in C3 KO mice, these results indicate that overall
quantal size (q) is unaltered inmice unable to activate the classical com-
plement pathway. Aswe did not ﬁnd any evidence for an overall change
in synaptic efﬁcacy but instead our data indicate a reduction in release
probability (p), we conclude that the number of functional synapses,
or release sites (n) is increased in the C3 KO mice. It is important to
note that our ﬁnding of an unchanged mEPSC frequency is fully consis-
tent with this conclusion as mEPSC frequency reﬂects the overall quan-
tal content, i.e. the product of n and p.
Impaired synapse elimination does not have to result in a very large
increase in the absolute number of synapses, especially considering the
space limitations in the brain. In our study, we used three independent
methods to estimate release probability. The paired-pulse responsewas
increased by 12% in the C3 KO mice, the burst response by 21% and the
decay time constant of the MK-curve by 34%. A change in paired-pulse
is usually less than inversely related to a change in release probability
(e.g. Wasling et al., 2004), but an overall conservative estimate of the
change in release probability would be 20%. Since we did not detect
any change in the quantal size, or in overall synaptic efﬁcacy, we con-
clude that C3 KOmice have about 20%more functional CA3–CA1 gluta-
mate synapses compared to WT mice when they are near puberty
(postnatal day 25–30). This number is close to the estimated number
of supernumerary glutamate synapses in the sensorimotor cortex of
the C1q KOmice, based onmEPSC frequency and axonal bouton density
(Chu et al., 2010). The delayed synaptic elimination due to genetic dele-
tion of the microglial fractalkine receptor CX3CR1 was associated with
about 20% increase in spine density in the hippocampal CA1 region in
the pre-pubertal period (Paolicelli et al., 2011). In contrast, we did not
ﬁnd any differences in dendritic spine density between C3 KO and WT
mice. The discrepancy between the electrophysiology-based data and
the morphological ﬁndings in C3 deﬁcient CA1 could be due the detec-
tion limits of the method used for spine visualization. Alternatively, the
supernumerary CA3-CA1 synapses in the C3 KOmice are shaft synapses
that terminate directly on the dendrites and the clariﬁcation of this issue
merits further investigation.
Another conclusion of our study is that the neurons seem to com-
pensate for the increased number of synapses by decreasing synaptic
release probability. This compensatory change in synaptic efﬁcacy
could be regarded as a form of homeostatic plasticity, the most recog-
nized form of which is a change in the number, or density, of synaptic
AMPA receptors (Turrigiano, 2008). There are numerous examples of
increased presynaptic release probability as a homeostatic plasticityresponse to chronic activity blockage (Vitureira et al., 2012). Decrease
in presynaptic transmitter release was described as a result of increased
muscle innervation in Drosophila (Davis and Goodman, 1998) and age-
related reduction in presynaptic release combinedwith reducedmESPC
frequency and amplitude at the auditory nerve endbulb synapse were
associated with hearing loss in mice (Wang and Manis, 2005). Our re-
sults provide evidence for compensatory decrease in release probability
in the rodent hippocampal CA1. In the CX3CR1 deﬁcient mice, in which
elimination of synapses is delayed due to impaired microglia migration,
bothmEPSC amplitude and frequency were increased in CA1 pyramidal
neurons at P13–P16 (Paolicelli et al., 2011). Although the authors did
not assess presynaptic release, it is tempting to speculate that the re-
duced transmitter release as a compensatory homeostatic synaptic plas-
ticity for excessive number of functional synapses develops at a later
maturation stage.
An intriguingﬁnding fromour study is the enhanced spatial learning
of adult C3 KO mice, not least in light of our previous report showing
that C3 plays a positive role in adult neurogenesis and that the C3 KO
mice have a lower number of newly formed and surviving neurons in
the hippocampal dentate gyrus (Rahpeymai et al., 2006). Both synaptic
plasticity and generation of new neurons have been implicated in hip-
pocampal function (Deng et al., 2010; Dragoi et al., 2003; Morris et al.,
1986; Nakazawa et al., 2003), and the enhanced place and reversal
learning of C3 KOmice implies that neural plasticity at the level of syn-
aptic function is a more important factor in determining hippocampus-
dependent learning than the rate of generation of new neurons in the
dentate gyrus, at least in the context of C3 deﬁciency. The role of C3 in
the elimination of synapses in the context of a neurodegenerative pa-
thology such as Alzheimer's disease and the possible beneﬁt for cogni-
tive performance of synapse sparing by C3 inhibition warrants further
studies on the role complement in the aging or diseased hippocampus.
In contrast to Chu et al, who reported spontaneous cortical seizures
in C1q deﬁcient mice (Chu et al., 2010), our EEG recordings and mor-
phological ﬁndings did not show any evidence for spontaneous epilep-
tiform activity in the hippocampus of C3 KO mice. Thus, whereas the
increased number of excitatory synapses is associated with spontane-
ous epileptiform activity in the neocortex, homeostatic plasticity mech-
anisms seem to prevent excessive excitatory synapses from causing
epileptiform activity in the hippocampus. In view of the fact that the
C1q andC3KOmice show the samephenotypewith regard to the defec-
tive elimination of the retinogeniculate synapses (Stevens et al., 2007),
and that the classical complement pathway deﬁciency is associated
with increased numbers of excitatory synapses also in the neocortex
(Chu et al., 2010) and hippocampus (present study), it seems unlikely
that the mechanisms underlying synapse elimination would differ be-
tween the different brain regions. Although we cannot exclude that
the animal age plays an important role in the occurrence of spontaneous
epileptiform activity (1 month in the study by Chu et al. (2010),
3 months in our study), it is also possible that the different regions of
the brain have different capacities to employ homeostatic plasticity to
compensate for these defects. Notably, a recent study showed that
adult C3 KO mice have reduced activity-dependent synaptic potentia-
tion of perforant path to dentate gyrus synapses, a phenotype inverse
to adult C1q deﬁcient mice. These ﬁndings suggest that C3 and C1q
have individual and conceivably classical complement activation inde-
pendent functions in the CNS (Stephan et al., 2013).
The down-regulation of release probability found in the present
study only partially compensates for the proposed increased number
of glutamate synapses. When activated with a single stimulation, the
overall synaptic efﬁcacy was well compensated in C3 KOmice. Howev-
er, when activated with a high-frequency burst, the burst response was
larger in C3 KOmice, indicating that short-term synaptic plasticity dur-
ing the burst activation overrides the compensatory decrease in release
probability. The delayed elimination of synapses in CX3CR1 deﬁcient
micewas associated with lower susceptibility to pentylene tetrazole in-
duced seizures during the early postnatal period but not in adulthood, a
163M. Perez-Alcazar et al. / Experimental Neurology 253 (2014) 154–164ﬁnding consistent with a delay in brain circuit development (Paolicelli
et al., 2011). Therefore, the possibility that the deﬁciency of C3 is associ-
ated with altered seizure susceptibility and epileptogenesis warrants
further investigation. Intriguingly, recent reports (Chen et al., 2012;
van Versendaal et al., 2012) demonstrate that also inhibitory synapses
are removed in response to changes in sensory input and that the re-
modeling of inhibitory synapses onto pyramidal cell dendrites plays a
role in visual cortex plasticity. Whether such inhibitory synapse turn-
over is part of plasticity changes in other brain regions remains to be
studied. However, in a model of axotomy-induced synapse elimination,
we have recently shown that inhibitory synapses are removed from the
axotomized spinal cord motoneurons in a manner that is dependent on
C3 but not C1q (Berg et al., 2012). Thus, the complement system medi-
ates also the elimination of inhibitory synapses, at least in the context of
injury, and the mechanisms involved could be different from those
governing the removal of excitatory synapses during development.
In conclusion, our study shows that in the constitutive absence of C3,
the function of hippocampal CA3–CA1 synapses is altered and spatial
learning is enhanced. Our ﬁndings point to the role of the complement
system in the regulation of the number of functional glutamatergic
synapses in the hippocampus. Further, we propose that the increased
neuronal activity, an expected consequence of excessive number of glu-
tamatergic synapses, is partially counteracted by reduced release prob-
ability and these homeostatic plasticity changes prevent the occurrence
of spontaneous epileptiform activity in the hippocampus of adult C3 KO
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